Communication depends on reliability. Yet, the existence of stable honest signalling presents an evolutionary puzzle. Why should animals signal honestly in the face of a conflict of interest? While students of animal signalling have offered several theoretical answers to this puzzle, the most widely studied model, commonly called the 'handicap principle', postulates that the costs of signals stabilize honesty. This model is the motivating force behind an enormous research enterprise that explores signal costs-whether they are physiological, immunological, neural, developmental or caloric. While there can be no question that many signals are costly, we lack definitive experimental evidence demonstrating that costs stabilize honesty. This study presents a laboratory signalling game using blue jays (Cyanocitta cristata) that provides, to our knowledge, the first experimental evidence showing honesty persists when costs are high and disappears when costs are low.
Introduction (a) Honesty and the handicap principle
Why are signallers honest even though lying often produces higher benefits? The problem of honest (and dishonest) communication is important for many disciplines. In economics, for example, understanding the conditions in which we can expect agents to exchange honest information represents a fundamental problem in the analysis of markets [1] . One could, moreover, make similar statements about nearly any field in the social and behavioural sciences including anthropology, behavioural ecology, cognitive science, linguistics, political science, psychology, sociology and others. Although other models of honest signalling exist (reviewed in [2] ), Zahavi's handicap principle [3, 4] holds a central position in explaining the evolution of honest signalling. Handicap signals are generally defined as signals whose reliability 'is maintained by signal production costs' [5] . The handicap principle's focus on signal costs has produced a diverse and energetic research programme that explores the mechanisms and nature of signal costs. This research programme has considered many forms of signalling (e.g. mate choice [6] , predator deterrence [7] and even the practice of religion [8] ), and many ways in which signals can be costly including the developmental costs of pigments [9] , oxidative stress [10] , reduced immunocompetence [11] and heightened risk of predation [12] .
(b) History and criticisms
Notwithstanding the enormous efforts devoted to the study of signal costs, the absence of definitive experimental evidence of the role of costs in stabilizing honesty has made this an increasingly contentious research programme (see [5, 13, 14] for detailed historical overviews). Critics of the handicap principle have questioned the basic approach, often emphasizing the value of alternative ways to maintain honesty (summarized in [2] ). Some authors advance the claim that studies of costly signalling have simply measured the wrong costs [15] [16] [17] . Other critics even question the value of demonstrating that signals have costs [2, 17] , because the mere existence of signal costs is necessary but far from sufficient to substantiate their role in the maintenance of honesty [15] . Overall, critics offer a varied list of complaints about the literature on signal cost and cumulatively they underscore the urgency of the need for innovative and & 2013 The Author(s) Published by the Royal Society. All rights reserved.
rigorous new approaches to test the claims of handicap models [18] [19] [20] -models whose current influence clearly outweighs their own empirical support [17, 21, 22] .
In the face of these critiques, direct experimental evidence on the role of costs in maintaining honesty seems critically important. Evidence demonstrating the link between cost and honesty would narrow the gap between theory and empirical research. Yet, this represents a challenging experimental problem for at least two reasons. First, it is difficult to meaningfully manipulate the costs of natural signals, such as colourful tails or stridulation. Second, it can be difficult to characterize natural signals as honest or dishonest because we are seldom certain of the underlying states that animals signal about [23, 24] . This paper presents a direct experimental test of the role of costs in stabilizing honesty using a laboratory simulation of signalling that solves these problems. As a first step, we develop a simple model of 'handicap signalling'. Here, we consider 'handicaps' in the general sense, where a handicap is any signal whose reliability is ensured by costs that exceed the minimal costs necessary to make the signal [13] . Our model is a variant of Maynard Smith's Sir Philip Sidney game [25] , modified to suit our experimental situation.
(c) Model and predictions
We imagine that some aspect of the environment exists in two possible states that we call 'true' and 'false.' We assume that the state is true with probability p, and we restrict our attention to the case where 0.5 p , 1. For any given play of this game, the signaller knows the state but the receiver does not. The receiver must choose between two alternative actions that we call 'accept' and 'reject'. The receiver does best by matching its action to the state of the environment; specifically, 'accepting' is best when the state is true and 'rejecting' is best when the state is false (table 1A) . Table 1B shows how the receiver's actions interact with the state to determine the signaller's benefits: when the state is true, the accept action is in the best interest of both players. There can be a conflict of interest, however, if the state is false. The receiver always benefits from rejecting a false state, but the signaller's best interests are determined by the parameters a and b. If b . a, we have a mutualism where the signaller's and receiver's incentives are aligned; if, however, b , a we have a case where the incentives of the two individuals are opposed (such that the signaller benefits if the receiver 'accepts', but rejecting is best for the receiver). Finally, we imagine that the signaller can choose between two actions that we call 'signal' (which indicates the true state) and 'no signal' (which indicates the false state). Note that while the terms used here are convenient, formally these are arbitrary labels for three general types of entities: states (here: true versus false); receiver actions (here: accept versus reject) and possible signals (here: signal versus no). Table 1C shows the costs paid by the signaller to emit these two signal types. For simplicity, we assume cost is independent of environmental state. Table 2 shows a simple game matrix derived from these assumptions. We consider two signaller strategies. An honest strategist signals when the state is true and gives no signal when the state is false. A dishonest strategist signals in both true and false states. We also consider two receiver strategies. A follow strategist accepts when a signal is observed and rejects when no signal is observed. An ignore strategist ignores the signal and adopts the strategy that is best on average, which is to always accept because p 0.5. To determine the stability of the honest/ follow equilibrium, we compare the signaller's pay-off in the honest/follow cell (upper left) to the signaller's pay-off in the dishonest/follow cell (upper right), and we find that stability Table 1 . Pay-off matrices for our experimental game. (A) Receiver's payoffs: the receiver always does best by matching its behaviour to the state of the environment. The receiver obtains 1 unit of food (three pellets in the experiment) if it chooses the accept action in the true state, or chooses the reject action in the false state; otherwise it obtains nothing. (B) Signaller's pay-offs: if the state is true, the signaller obtains 1 unit of food (three pellets) when the receiver chooses accept. If the state is false however, the variables a and b determine whether the signaller's incentives are aligned with the receiver's. When a . b, the signaller does best when the receiver 'accepts' regardless of which state applies. When a . b, therefore, the signaller and receiver incentives are opposed when the state is false. In the reverse situation, when b . a, the signaller and receiver incentives are always aligned. In our incentives-aligned condition a ¼ 0. [16] , additive combinations are appropriate for our experimental situation. In general, we expect honesty whenever the costs exceed the benefits of dishonesty and in our model these are parametrized by c and the difference a 2 b, respectively.
(d) Experimental approach
We developed a laboratory signalling game that gave us direct control over the theoretically significant variables of our model.
Using this approach, we tested our model in a factorial experiment which used four levels of signal cost and two distinct pay-off structures: incentives aligned, in which signaller and receiver share a common pay-off structure and incentives opposed, in which the signaller sometimes benefits when the receiver acts against its own best interests (table 1) . Our model predicts that signallers will signal honestly in the incentives-aligned condition regardless of cost, but that signallers will only signal honestly when costs are high in the incentives-opposed condition. Our approach is unconventional in at least two respects. While our discussion will address these issues in detail, they merit some mention here because they represent a fairly drastic departure from typical studies of handicap signalling. First, we have studied the role of costs in the maintenance of honesty in a game involving food reward rather than mate selection. While the handicap principle is most widely applied to sexual signalling, the effects of cost are clearly applicable to honesty in a much broader sense as both Grafen [26] and Zahavi [4] pointed out. Second, the game theoretical equilibria studied here are established and maintained by learning rather than fixed genetics. While we cannot know the extent to which our findings apply to other situations, our approach, with its dependence on learning, gives us access to variables that are very difficult to manipulate and even measure in other situations.
Material and methods (a) Procedural overview
We tested our model using a procedure in which pairs of blue jays (Cyanocitta cristata) assumed the roles of signaller and receiver in an experimental game played for food rewards (see figure 1 for apparatus and within-trial details). The basic components of our signalling game, as in the model above, are: (i) two possible states of the 'environment' (designated 'true' and 'false'), (ii) two signal states ('signal' or 'no signal'), and (iii) two possible receiver responses ('accept' or 'reject'). To create the experimental incentive structures (aligned or opposed), we manipulated the pay-offs (in food pellets) associated with each outcome of the game. We also directly controlled the level of cost, paid in 'shuttle flights' before the signaller can access the signalling option. Finally, we note that the game allows a clear operational definition of honesty (see below), because we can observe situations in which the signaller indicates an action that is not in the receiver's best interest.
(b) Subjects, housing and experimental apparatus
We randomly selected 14 adult blue jays from our colony of individuals. All subjects had previous experience in other experimental signalling games. To minimize effects from previous experience, we grouped subjects into random pairs and randomly assigned roles (as signaller or receiver). During the experiment, we kept each member of a pair in separate but adjacent Skinner boxes. A transparent partition allowed signallers and receivers to interact, such that the signaller could provide a positional signal by hopping in front of the partition (figure 1). We kept subjects in their Apparatus. Blue jays occupied side-by-side Skinner boxes with one jay assigned to the role of signaller and another assigned to the role of receiver. Each box was fitted with perch stations, which could record a subject's presence or absence. The signaller and receiver used these perches to play a signalling game in a sequence of trials during the course of the day. At the beginning of each trial, a computer determined the 'state of environment' to be true or false (table 1) . The state in a given trial was unknown to the receiver but revealed privately to the signaller via a system of cue lights. Signallers provided positional signals to the receiver by choosing either the 'signal' or 'no signal' perch station. In response, the receiver must choose between one of two stations at the front of its chamber. If the state was true, the receiver could only obtain food by hopping onto the 'accept' perch; and if the state was false, the receiver could only obtain food by hopping onto the 'reject' perch (table 1A) . Table 1B shows how the receiver's action determined the pay-offs received by the signaller. To implement signal costs, the signaller was required to hop back and forth between the cost and rear stations c times ( . The 1 h provided time for daily sanitation of boxes, as well as health and weight checks. We kept subjects on a 12 L : 12 D cycle and provided water ad libitum. The experiment maintained signallers and receivers on a closed economy, where each individual earned all its food from playing the signalling game, with a few exceptions. If an individual earned less than 6 g d
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, we provided food up to this minimum amount. In addition, we closely monitored the overall health of the subjects, providing appropriate veterinary care as required.
(c) Treatments, trials and blocks Table 1 shows the economic consequences associated with all possible combinations of signaller and receiver behaviour. Our experimental conditions were factorial combinations of the four levels of signal cost (c in table 1C 
We presented forced (i.e. no-choice) and free trials in blocks of 36 trials. Each block started with four forced trials, followed by 32 free trials. We scheduled eight types of forced trials, accounting for each permutation of state, signaller action and receiver response. As only four types of forced trials were sampled per block, we restricted randomization of the appearance of forced trials such that each type occurred once within a set of two blocks of trials. We completely randomized the order of each set of eight forced trials. We also randomized the current state for each free trial, but restricted such that 16 true and 16 false trials occurred per block.
(d) Within-trial procedures (i) Free trials
An intertrial interval (ITI) of 120 s preceded every free trial. After the ITI expired, a light illuminated at the rear of the signaller's box. The signaller moved to the rear perch, away from the shared partition, in order to begin a new trial. One of two red state lights illuminated, indicating the state for the given trial as either true or false. The signaller then could choose to either hop to the 'no signal' perch (on one side, in front of an opaque partition) or pay the cost of signalling. Note, when the cost of signalling was zero, the signaller could immediately choose between the 'no signal' perch and the 'signal' perch (in front of the transparent window into the receiver's box). If signalling was costly, the signaller indicated its choice to pay the cost of signalling by hopping to the cost perch. The trial was aborted if the signaller used the signalling perch before paying signal costs. Therefore, to activate the signalling perch, the signaller needed to complete c shuttle flights between the cost perch and the rear perch (where c ¼ 0, 1, 4 or 7, depending on the current treatment). Each shuttle flight consisted of one circuit between the cost perch and the rear perch. After completing the shuttle flights, an orange LED indicated the signaller could access the signalling perch. Once the signaller either (i) completed paying the signal cost or (ii) chose the 'no signal' perch, a light illuminated at the rear of the receiver's box. The receiver then proceeded to the back of the box (away from the signaller and its box) if not already at its rear perch station. Once at the rear perch, orange LEDs above each response perch illuminated and the receiver was free to choose either the 'accept' perch (in front of the window) or the 'reject' perch (in front of the opaque partition). After signaller action and receiver response, both individuals received food pellet rewards, the amount determined by the current treatment, the 'state of the environment' on given trial (true or false) and the receiver response. We manipulated the shared incentives between subjects by changing the pellet pay-off for combinations of state and receiver response as shown in table 1. The free trial was aborted if the pair did not complete it within 7 min, and the pair repeated the same type of free trial after an ITI of 120 s.
(ii) Forced trials
Forced trials proceeded similar to free trials, except signallers and receivers were forced into particular actions and responses. Two possible states (true or false), two signaller actions (signal or no) and two receiver responses (accept or reject) create eight possible combinations. In order to force a particular action or response, only the required perch was activated (e.g. on a forced accept trial, only hopping onto the accept perch allowed the receiver to progress through the trial). If a forced trial was not completed within 7 min, the trial was aborted and the subject pair restarted the same type of forced trial. This ensured all subjects experienced each combination of events at least once every 72 trials. Otherwise, the pay-offs and timing of events within forced trials were identical to free trials.
(e) Termination criteria
Our experiment tested the stability of honest signals. The rationale for this is that game theoretical models predict the stability, but not necessarily the development of equilibrium states. To achieve these stability tests, we preceded each test condition (that is, each cost by incentive structure combination) with a mutualism treatment (similar to our incentives-aligned treatment, such that signaller and receiver both obtained food only for correct receiver responses). All birds experienced this pretreatment condition until subjects completed at least 300 trials and reached a signalling/signal-following equilibrium. We used a signalling criterion of more than 0.80 reliability of signaller action (i.e. 'signal' when state is true and 'no signal' when false). For signal following, the receiver response needed to match signaller action at a frequency of more than 0.80. We assessed these criteria at the end of each experiment day, requiring both values for either (i) the entire day or (ii) the last three blocks of trials (96 free trials total) to exceed the critical value of 0.80. After signallers were consistently honest (matching signal state to environmental state) and receivers were consistently following the signaller's action in this mutualism pretreatment, we changed the parameters of the signalling game to test the stability of communication in one of the treatment conditions specified in our factorial design. All subject pairs experienced the full set of treatments in a randomized order. Each pair of subjects experienced experimental treatment parameters for 900 free trials, and we used the final 300 in each treatment condition for our statistical analysis. In the results to follow, we first consider the observed behaviour of signallers, and then the behaviour of receivers.
While we have already defined the honest and dishonest strategists within the context of our model and experimental game, we need to recognize specific actions as either honest or dishonest to analyse our data. We adopt, therefore, the following operational definition of honest and dishonest signals. Our definition has two components. First, the receiver must have a history of responding to signal S with action A. If this condition is satisfied, we say that the signaller is acting dishonestly if it emits S when action A is in the best interests of the signaller but not in the best interests of the receiver. Similarly, we say that the signaller is acting honestly if it emits S when action A is in the best interests of the receiver. Note that this definition can be applied directly and objectively within our experiment. Our mutualism pretreatment establishes rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132457 the history of receiver responses, and we recognize economic conflicts of interest because we have the control of the pay-off structure of the game. Figure 2a illustrates the significant interaction of cost and incentive structure on signaller honesty (repeated measures ANOVA, F 3,18 ¼ 14.022, p ¼ 0.00006). We observe close to zero dishonesty in the incentives-aligned treatment. Moreover, changing the cost of signals has virtually no effect of the frequency of dishonest signals when incentives are aligned. The data tell a different story, however, when incentives are opposed. When the costs of signalling are low, signallers are commonly dishonest in the sense that they signal an action that is not in the receiver's best interest. When the costs of signalling increase, we observe a dramatic decrease in the frequency of these dishonest signals.
Results (a) Signaller behaviour

(b) Receiver behaviour
Of course, we also predict that the receiver's behaviour should be sensitive to the reliability of the signaller's signals. Receivers respond to the behaviour of signallers as we expect, that is they follow signals more closely when they are reliable (figure 2b; repeated measures ANOVA, F 3,18 ¼ 4.9113, p ¼ 0.0115). Specifically, receivers dramatically decreased their signal-following behaviour in our 'no cost' treatment where signallers often signalled unreliably.
Discussion (a) Significance of results
Models of handicap signalling [3, 26] hypothesize that signal costs stabilize honesty. Following accepted standards of scientific inference, experimental manipulation of costs should provide the strongest possible evidence that costs do, indeed, stabilize honest signalling. Our results provide, to our knowledge, the first experimental evidence of this type. Specifically, our experiment shows that in the presence of an incentive to cheat, subjects signalled honestly when costs were high but signalled dishonestly when costs were low; providing direct experimental support for the handicap principle's most basic causal hypothesis. Yet, our result also illustrates a simple but important limitation of the typical approach to studying handicaps, because costs did not affect signal honesty when signaller and receiver incentives were mutualistically aligned. Models of signalling have been clear about the unimportance of signal cost in mutualisms [25] , but empirical studies of signal costs often proceed without first confirming that a conflict of interest exists.
In the shorthand of the signalling literature, investigators commonly emphasize the importance of differential costs or state-dependent costs in the control of honesty. A reader with this terminology in mind may feel that the cost structure shown in table 1C does not satisfy the requirements for handicap signalling, because the costs are the same in both the true and false states. It is more accurate to say, however, that handicap signalling requires 'differential marginal' costs, because this phrase captures the comparison of differences implicit in Grafen's cost condition. In our situation, this comparison of differences requires that the difference in pay-off between the honest and dishonest strategists in the bad state (the cost of the dishonest strategy in the bad state) must be greater than the same difference in the good state (the cost of the dishonesty strategy in the good state). Recall, however, that a dishonest strategist signals correctly in the good state (because to do otherwise would be against the dishonest individual's best interests). This means that the dishonest and honest strategists behave the same way in the good state, so the difference in their expected pay-offs (and hence the state-dependent cost of the dishonest strategy) is zero. The difference in marginal costs required by the rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132457 handicap principle, therefore, depends on whether the 'cost of dishonesty in the bad state' is greater than zero, which is true when c . a 2 b (which we can also directly observe from the game matrix, table 2). The approach adopted here is different, even radically different, from the traditions of 'costly signalling' research. While we will discuss the possible weaknesses of our approach in the following paragraphs, we remark that our approach also has many advantages. It allows the manipulation of many theoretically important variables and it lends itself to straightforward operational definitions of honesty and dishonesty. Overall, we argue that it offers a valuable new tool in the study of signalling games.
(b) Results in context
Models of handicap signalling have motivated the publication of many studies of signal cost. These papers are diverse and ingenious. They include, for example, efforts to characterize the energy and predation costs of begging (reviewed in [20] ); and sophisticated studies emphasizing the developmental costs and signal value of carotenoid pigments [27] [28] [29] . There can be no doubt that signals have costs that take many forms (e.g. production costs, developmental costs and receiver-imposed costs) and arise via a wide range of mechanisms (increased predation risk, energy, immunological, genetic etc.). Yet, we have a growing list of reviews that express their dissatisfaction with the signal cost literature [2, 14, [17] [18] [19] [20] 30] . The litany of complaints includes: (i) the simple existence of signal costs tells us little about signal honesty; (ii) absolute costs of signalling are often small; and (iii) very few papers have measured the difference in marginal costs that is central to all handicap models. These critics unanimously stress the need for new approaches that rigorously make the connection between costs and honesty.
Most reviewers agree, though, that there are several examples that come close to demonstrating the hypothesized effects of cost-such as that of barn swallow tail length (discussed in [5, 14] ). Research shows that experimental tail elongations alter survival rates differently for individuals of different quality (inferred from original tail length) [31] which is consistent with the differential marginal costs that handicap models require. Additional evidence demonstrates that elongated tails are costly and that male tail length is related to aspects of male quality [32 -35] . Overall, this system provides a substantial body of evidence showing the ways in which this signalling system is consistent with honesty stabilized by cost. However, not all are convinced [36] , and the evidence falls short of an experimental demonstration that increased costs promote honesty. Our study stands out because we directly control the level of signal cost in our experimental system and it allows clear operational definitions of what constitutes honest and dishonest signals. The approach allows us to address the concerns of some critics and measure honesty at different levels of signal cost. The handicap principle leads two lives. For some investigators, it is 'the handicap model of sexual selection' [28, 37, 38] . This seems natural to some because Zahavi [3] originally proposed it in this context, because within the field of animal behaviour it is most commonly discussed in this context, and most models of handicap signalling (such as Grafen [26] and Getty [16] ) develop this example. For others, it is a more general claim about the forces that stabilize honesty. For example, both Grafen [26] and Zahavi [4] took pains to point out the applicability of their ideas to problems beyond mate selection. Clearly, neither Grafen nor Zahavi felt that handicap signalling was limited to sexual advertisement. Similarly, students of handicap signalling have focused on signals that reveal information about the signaller-male quality, ability to escape or hunger [30, 39, 40] . Again this is more important historically than conceptually. The claim that a low-quality signaller pays a larger 'marginal cost' to signal helps make the idea of marginal cost more intuitive. As we remarked in the introduction, it is straightforward to show that the conditions required for honesty in our simple experimental game are algebraically identical to a discrete version of Grafen's cost condition, which is widely regarded as the authoritative mathematical statement of the handicap principle. The algebra of the handicap principle does not depend on the example of mate choice signalling or the idea that signals necessarily indicate signaller quality. In general, the hypothesis holds that a dishonest strategist must pay larger marginal costs, but the dishonest individual does not have to be lying about its own abilities, reproductive or otherwise. Moreover, the idea that models and tests of handicap signalling ought to be restricted to special situations seems counterproductive. Surely, behavioural ecologists want to study broadly applicable models, such as the general determinants of honesty, that have relevance to questions in the behavioural sciences that go far beyond mate choice.
(ii) Learning?
Traditional studies of signalling often emphasize genetically determined traits-like tail length-in natural or semi-natural situations. Readers from this tradition may be uncomfortable with studies of signalling equilibria that depend on relatively arbitrary learned behaviour. While this sentiment is understandable, there are several reasons to think that this novel approach can provide useful insights. First, the game theoretical equilibria predicted by models of handicap signalling do not depend on the mechanism underlying their stability: Thorndike's law of effect or natural selection against a 'cheater gene' are equally admissible theoretically. Moreover, learning is a well-documented and well-understood biological mechanism [41] [42] [43] , and this is surely why Maynard Smith devoted considerable theoretical attention to the role of learning in behavioural equilibrium ( [44] , ch. 5); reminding us that both 'learning and genetic change may in involved' (p. 77) in the establishment of behavioural equilibria (and see [45] [46] [47] ). Second, as the quotation of Maynard Smith suggests, it is simply incorrect to think of learning and natural selection as incompatible opponents. Learning, similar to hormones and sensory receptors, is an evolved feature of animals [48] . Moreover, learning is clearly an important mechanism in animal social interactions including signalling. Finally, several recent reviews [2, 14, 18, 30] have emphasized the difficulties faced by traditional approaches and called for fresh approaches to the study of signals and signal costs. Our studies will provide one new line of evidence that represents such a fresh approach. Our ultimate contribution will depend on how this new line of evidence interacts with and informs more traditional studies. Our results represent the first experimental test of the causal relationship between signal costs and honesty. While recent criticisms have characterized the efforts to connect cost and honesty as misguided or incomplete, our results suggest a position that lies somewhere between the critics and the supporters of the 'signals as costly handicaps' research programme. The experimental signalling game defines signal costs and other game parameters, and allows this research to begin addressing the concerns raised by 'signal cost' detractors. Our results support the role of costs in some situations, but they also place the onus on students of signal costs to clearly demonstrate that signaller's and receiver's incentives are indeed opposed. That is, the costliness of signals itself does not imply the role of signal cost in honesty; mutualisms or other mechanisms can also drive honesty. However, as we demonstrate, costs do enforce honesty in some cases. While studies of animal signals probe ever deeper into the physiological and genetic mechanisms that make signals costly or condition dependent, these studies seem increasingly distant from the problem of honesty. Our approach represents an effort to reconnect these studies with the question that motivated them: how and when do costs affect signal reliability?
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